Topological Weyl semimetal (TWS), a new state of quantum matter, has sparked enormous research interest recently. Possessing unique Weyl fermions in the bulk and Fermi arcs on the surface, TWSs offer a rare platform for realizing many exotic physical phenomena. TWSs can be classified into type-I that respect Lorentz symmetry and type-II that do not. Here, we directly visualize the electronic structure of MoTe 2 , a recently proposed type-II TWS. Using angle-resolved photoemission spectroscopy (ARPES), we unravel the unique surface Fermi arcs, in good agreement with our ab initio calculations that have nontrivial topological nature. Our work not only leads to new understandings of the unusual properties discovered in this family of compounds, but also allows for the further exploration of exotic properties and practical applications of type-II TWSs, as well as the interplay between superconductivity (MoTe 2 was discovered to be superconducting recently) and their topological order.
T hree-dimensional (3D) topological Weyl semimetals (TWSs) are novel topological quantum materials discovered and intensively investigated recently because of their intimate link between concepts of different fields of physics and material science, as well as the broad application potential [1] [2] [3] [4] [5] [6] . In a TWS, low-energy electronic excitations form composite Weyl fermions dispersing linearly along all the three momentum directions across the Weyl points (WPs) [7] [8] [9] [10] that always appear in pairs with opposite chirality. Between WPs of different chirality, there exist intriguing surface Fermi arcs, the unconventional open curve-like Fermi surfaces (FSs) with nondegenerate spin texture. The exotic bulk and surface electronic structures thus provide an ideal platform for many novel physical phenomena, such as negative magnetoresistance, anomalous quantum Hall effect and chiral magnetic effects [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] .
Interestingly, the TWSs can be further classified into two types by Fermiology and whether the Lorentz symmetry is respected: type-I TWS that hosts point-like bulk FSs formed solely by WPs that approximately respect the Lorentz symmetry [4] [5] [6] ; and type-II TWS that breaks the Lorentz symmetry and harbours finite electron density of states at the Fermi energy . Recently, type-I TWSs have been discovered in the (Ta, Nb) (As, P) family of compounds [7] [8] [9] 21, 22 . However, the complex 3D crystal structure in these first-generation TWSs may pose difficulties in the exploration of their practical applications, and their large number (12 pairs) of WPs could make the exploration of novel physical phenomena complicated. Therefore, new TWS materials easier to process, more friendly to device fabrication applications and with less WPs are desired.
More recently, type-II TWS has been proposed to exist in layered transition metal dichalcogenides (TMDs, for example, WTe 2 , MoTe 2 and W x Mo 1-x Te 2 ) [23] [24] [25] [26] . The distribution of the WPs is found to be very sensitive to the lattice parameters. Even a small difference of the lattice constant (B0.5%) will change the number of WPs in the Brillouin zone (BZ) and lead to different topology of the surface Fermi arcs 23, 27 . With less WPs and nonvanishing electronic density of states at the Fermi surface, type-II TWSs in TMD compounds are expected to show very different properties from the type-I TWSs, such as anisotropic chiral anomaly depending on the current directions, a novel anomalous Hall effect 24 . In addition, the layered nature of the TMD TWSs greatly facilitates the fabrication of devices 28 , making them an ideal platform for the realization of novel TWS applications.
In this work, using high-resolution angle-resolved photoemission spectroscopy (ARPES), we systematically study the electronic structure of the orthorhombic (T d )-MoTe 2 . By carrying out broad-range photon energy-dependent measurements, we can conclude that the observed surface Fermi arcs are consistent with previous 23 and our ab initio calculations that are topologically nontrivial. The discovery of the TWS phase in MoTe 2 could also help understand the puzzling physical properties in the orthorhombic phase of TMDs recently observed 29 , and provide a more feasible material platform for the future applications of TWSs because of their layered structures. Furthermore, with the recent discovery of superconductivity in MoTe 2 (ref. 25) , it even provides an ideal platform for the study of interplays between superconductivity and the nontrivial topological order.
Results
Sample characterization. The illustration of the type-I and type-II Weyl fermions is shown in Fig. 1a . Figure 1b Fig. 1f, clearly showing an alternating stacking of Te-Mo-Te triple layer structure (space group P mn21 ). We have synthesized high-quality single crystals for this work: the large flat shinning surface (Fig. 1g , left inset) after in situ cleaving is ideal for ARPES measurements; and the crystal symmetry is verified by the Laue (before cleaving) and low-energy electron diffraction (after cleaving) measurements (Fig. 1g, right inset) . The lattice constants of the single crystal here are verified by the X-ray diffraction method to be a ¼ 6.335 Å, b ¼ 3.477 Å, c ¼ 13.883 Å that will result in 8 WPs in the k z ¼ 0 plane according to ab inito calculation 23, 25 . The core-level photoemission spectrum clearly shows the characteristic Te 4d and Mo 4p/4s peaks (Fig. 1g) , and the broad Fermi surface mapping in Fig. 1h covering multiple BZs confirmed the (001) cleave plane with correct lattice constant. In Fig. 1h , one can already see that the shape of the FS is in general agreements with our calculation (Fig. 1e) . (Fig. 2d,e) . The electron-and holepocket evolution can be better seen in Fig. 2f -j, where the outer electron pockets shrink with E B and disappear beyond 0.075 eV, consistent with the dispersion in Fig. 2b ,c and also our ab initio calculations (see Fig. 2k ,o, and more comparisons between our experimental result and calculations can be found in Supplementary Note 1 and Supplementary Figs 1-3) . The evolution of the constant energy contours through a larger energy scale is illustrated in Fig. 2p , showing a rich evolution of texture from multiple bands.
Surface and bulk electronic structures of T d -MoTe 2 . In order to distinguish the surface and bulk contributions from numerous band dispersions in Fig. 2 , we conducted photon energydependent ARPES experiment 30 with a broad photon energy range of 20-120 eV, covering more than 5 BZs along the k z direction (see Fig. 3a , and more details can be found in Supplementary Note 2 and Supplementary Fig. 4 ). In Fig. 3a , throughout the whole range, bands with negligible k z dispersion can be observed, showing a clear sign of surface states. By plotting the FSs measured with different photon energies (Fig. 3b-i) , one can clearly see that the nondispersive bands along k z in Fig. 3a correspond to the FS features in the narrow region between the bulk and electron pockets (as highlighted by the red rectangles in Fig. 3b-i ) that show identical shape under different photon energies, whereas the pockets from the bulk states vary strongly (as also can be seen by the dispersive bands in Fig. 3a) . This observation is again in good agreement with the ab initio calculation, as shown in Fig. 3j , where the sharp surface state bands clearly emerge between the electron and hole pockets. Supplementary Fig. 2 for details) , the surface Fermi arcs are still visible, lying within the narrow region between the electron and hole pockets (see Fig. 4a , marked as SA between the points P1 and P2). As there is another surface state (marked as SS) nearby, to best visualize and separate the two surface states, we chose a low (27 eV) photon energy to increase the momentum resolution; also under this photon energy, the bulk states intensity is greatly suppressed and thus the surface states can be easily seen. Indeed, from these fine measurements, the two surface states in the calculations (Fig. 4a-d ) are both observed (see Fig. 4e -h, and the measurements from more photon energies can be found in the Supplementary Fig. 5 ). Interestingly, as the positions of P1 and P2 vary with binding energy (see Fig. 4a-d ) , the surface Fermi arcs observed in our measurements (Fig. 4e-h ) also vary accordingly (in shape and length), in good agreement with the calculation, thus strongly supporting their topological origin. To further investigate their spin texture, we have also carried out preliminary spin-resolved ARPES measurements that can be found in the Supplementary Note 3 and Supplementary Fig. 6 .
Discussion
Our systematic study on the electronic band structures and the observation of surface Fermi arc states, together with the broad ) agreement with the ab initio calculations, establish that T d -MoTe 2 is a type-II TWS that can not only help understand the puzzling physical properties in the orthorhombic phase of TMDs, but also provide a new platform for the realization of exotic physical phenomena and possible future applications. We note that while we were finalizing this manuscript, three other groups 31-33 also independently studied this family of compounds and the surface states and arcs.
Methods
Sample synthesis. The chemical vapour transport method was employed to grow MoTe 2 crystals using polycrystalline MoTe 2 powder and TeCl 4 as a transport additive. Here, 1 g of polycrystalline powder and TeCl 4 (3 mg ml À 1 ) were sealed in a quartz ampoule that was then flushed with Ar, evacuated, sealed and heated in a two-zone furnace. Crystallization was conducted from (T2) 1,000 to (T1) 900°C. The quartz ampoule was then quenched in ice water to yield the high-temperature monoclinic phase, the 1T'-MoTe 2 . When cooling down below B250 K, a structural-phase transition occurs from the centrosymmetric 1T' phase to the noncentrosymmetric T d phase that is the TWS phase, which was known in the resistivity measurement 25, 34 .
Angle-resolved photoemission spectroscopy. Regular ARPES measurements were performed at the beamline I05 of the Diamond Light Source and BL 10.0.1 of the Advanced Light Source, both equipped with Scienta R4000 analyzers. The spin-resolved ARPES experiments were conducted at the beamline APE of the Elettra synchrotron, equipped with a Scienta DA30 analyzer combined with a VLEED spin detector. The measurement sample temperature and pressure were 10 K and o1.5 Â 10 À 10 Torr, respectively. The angle resolution was 0.2°and the overall energy resolutions were better than 15 meV. The samples were cleaved in situ along the (001) plane.
Ab initio calculations. The density functional theory calculations have been performed using the Vienna ab initio simulation package with the projected augmented wave method 35 . The exchange and correlation energy was considered in the generalized gradient approximation with Perdew-Burke-Ernzerhof (PBE)-based density functional 36 . The energy cutoff was set to 300 eV. The tight binding matrix elements were calculated by projecting the Bloch wave functions to maximally localized Wannier functions 37 . The surface states were calculated from the half-infinite model by using the interative Green's function method 38 . The k-dependent local density of states are projected from the half-infinite bulk to the outermost surface unit cell. Experimental lattice constants were used in all the calculations 25 .
Data availability. The data that support these findings are available from thecorresponding author on request.
